In order to determine the associations between age, sex, cortical bone thickness (CBT), and outcomes following hip arthroscopy for FAIS, a retrospective study of patients undergoing hip arthroscopy for FAIS from a single institution from 2012 to 2014 was performed. Based on preoperative radiographs, femoral cortical index (FCI) and femoral canal-to-calcar ratio (FCC) were used as measures of CBT and used to classify patients using the Dorr classification. Linear and logistic regression was used to determine whether CBT was predictive of 2-year patient reported outoutcomes. Patients were stratified by sex and age (<45 or ¼45 years old) to determine whether variables were potential effect modifiers on the association between outcomes and CBT. A total of 108 patients were included in the study, with 27 patients in each of the following groups: females <45, females ¼45, males <45, and males ¼45 years. The results showed that at 2-year follow-up, all groups demonstrated significant improvements in reported outcomes (HOS-ADL, HOS-SS, and mHHS) (p<0.001). Females ¼45 scored significantly worse than other groups on all scores (p<0.05 for all). Chi-square test for trend showed a linear by linear association between Dorr classification type and gender/age group (p¼0.018). Analysis of the whole study population showed a linear association between FCC and HOS-ADL and mHHS scores. However, CBT measures were not predictive of achieving MCID. In conclusion, patients undergoing hip arthroscopy for FAIS, older female patients had the worst patient-reported outcomes and lowest CBT measures. Furthermore, FCC is independently associated with the HOS-ADL and mHHS.
INTRODUCTION
Femoroacetabular impingement syndrome (FAIS), characterized by abnormal contact between the femoral headneck junction and the acetabular rim, is an increasingly recognized source of hip pain and dysfunction. Concurrently, hip arthroscopy has been adopted as a safe and minimally invasive approach for treating FAIS, with excellent outcomes [1] . The contemporary treatment of FAIS consists of chondrolabral repair if necessary, surgical correction of underlying bony pathomorphology and capsular repair or plication. Although most patients undergoing hip arthroscopy for FAIS demonstrate significant improvements in patientreported outcomes (PROs), certain subsets of patients may be at risk of inferior results. For example, Frank et al. [2] reported that patients older than 45 years of age, and particularly females older than 45, had significantly worse outcomes than patients younger than 45. In addition to the association between lower PROs and decreased joint space and older age, other potential concomitant risk factors among older females may be low bone mineral density (BMD), and osteoporosis. With increasing age, a confluence of metabolic and hormonal changes, diet and exercise leads to loss in BMD [3] . In particular, there appears to be a synergistic effect between sex and aging on the development of osteoporosis, as it is estimated that there are currently 9.1 million women with osteoporosis and an additional 26 million with osteopenia, while there are currently only 2.8 million men with osteoporosis and an additional 14.4 million with osteopenia [4] . Women also have higher fracture risks than men, as the lifetime risk of a woman aged 60 is nearly double (44 versus 25%) that of an age-matched male [5] .
In terms of assessing BMD, dual energy X-ray absorptiometry (DEXA) is the commonly used standard to diagnose osteoporosis and to monitor the effect of treatment [6] . DEXA does have a number of limitations, however, such as prognostic ability to predict risk of fracture and subjectivity in interpretation [7] [8] [9] . Most importantly, it is not routinely obtained in younger patients, such as those undergoing hip arthroscopy. As such, recent studies have aimed to validate alternative means of BMD assessment, using plain radiographs of the hip. The Dorr classification system is one such model developed from radiographic classifications of bone quality which were validated with histological findings. This system uses plain films to estimate proximal femur BMD based on cortical bone thickness (CBT) and the local anatomy of the femoral canal and calcar (FCC). This method has been used in subsequent studies and shown to have strong correlations with osteoporosis when compared against DEXA scans [6, [10] [11] [12] .
Although the effect of CBT on post-operative survival and outcomes after hip arthroplasty [13] and spine surgery [14, 15] have been studied extensively, the relationships between CBT, age and sex among patients undergoing hip arthroscopy for FAIS are not completely understood. Therefore, the purpose of this study was to evaluate the effect of CBT, as measured on plain radiographs typically available as part of standard pre-operative work-up, on PROs following hip arthroscopy for the treatment of FAIS. We hypothesized that decreased CBT would be associated with inferior post-operative outcomes, and that older female patients with FAIS would have the lowest CBT.
MATERIALS AND METHODS
A retrospective review of our institution's prospectively recorded surgical registry revealed 592 patients who underwent arthroscopic surgery for FAIS between January 2012 and 2014. All surgeries were performed by a single fellowship-trained surgeon. No funding was received and institutional review board approval was obtained prior to the beginning of the study.
Patient selection
Inclusion criteria consisted of patients with FAIS that underwent primary hip arthroscopy after failed non-operative treatment (activity modification, oral antiinflammatories, cortisone injections and/or physical therapy). Pre-operatively, these patients had correlating history, impingement signs on exam and radiographic evidence (e.g. pistol grip deformity, crossover sign, alpha angle >55 on cross-table plain radiograph) indicative of FAIS. Exclusion criteria were advanced hip osteoarthritis (Tonnis Grade >2), hip dysplasia ( lateral center edge angle <20 ), neurodegenerative diseases, patients undergoing revision hip arthroscopy, ASA level >2, history of previous hip surgery bilaterally, history of spine surgery and concomitant hip procedures (e.g. bursitis, gluteus tear repair etc.) during the time of arthroscopy. Patients were stratified into four groups based on age and sex: (i) males <45, (ii) females <45, (iii) males !45 and (iv) females !45.
Surgical technique
The surgical technique performed was similar to what has been previously described [16, 17] which incorporates labral repair or labral debridement, femoral osteochondroplasty, acetabular rim trimming and complete capsular closure. All surgeries were performed with the patient in the supine position on a standard traction table under general anesthesia. Anterolateral and mid-anterior portals were created to establish visualization into the central compartment and a T-capsulotomy was performed for visualization of the peripheral compartment. Closure of the capsulotomy via repair of the interportal and T-capsulotomy incisions was performed in all cases. Hip traction was released immediately after work was concluded in the central compartment, and a dynamic examination was then performed to confirm resolution of impingement. Labral refixation was performed when gross detachment of the labrum from the acetabular rim was observed; otherwise, a partial debridement was used for patients with sufficient labral tissue with little or no detachment.
Post-operative rehabilitation
Rehabilitation started on post-operative day 1 for all patients as previously described [18, 19] . Patients went through a four-phase rehabilitation protocol that lasted an average of 16-18 weeks. Rehabilitation Phase 1 prioritized joint protection and soft tissue mobilization techniques. Phase 2 focused on the re-establishment of normal gait maintenance, full range of motion, improvement of neuromuscular control and maintenance of pelvic and core stability. Phase 3 included single leg squats and strengthening, soft tissue and joint mobilization and cardiovascular fitness. Phase 4 emphasized return to pre-injury level of sports participation. Patients were cleared to return to sports if they were able to participate in sports without pain, had full dynamic functional control and passed all return to sports tests.
Functional outcome evaluation
All patients completed the patient-determined visual analog scale (VAS) for pain and satisfaction, as well as hipspecific outcome instruments including the Hip Outcome Score-Activities of Daily Living (HOS-ADL) [20] and Sports-Specific Subscale (HOS-SS) [21] , as well as the modified Harris Hip Score (mHHS) [22, 23] pre-operatively and at 6 months, 1 year and a minimum of 2-years after surgery. Superior clinical outcome was defined as reaching MCID for HOS-ADL, HOS-SS and mHHS at 2 years post-operatively. In same fashion described previously in the literature, MCID was determined by calculating the 1 = 2 standard deviation of the HOS-ADL average in the study patients [24] [25] [26] . The MCID was calculated to be 10.7, 17.0 and 9.6, respectively.
Radiographic analysis
Pre-operative anteroposterior (AP) pelvis, false profile and Dunn lateral radiographs were obtained in the supine position. The joint space width, lateral center-edge angle of Wiberg (AP view) and alpha angle (Dunn lateral view) were measured as part of the pre-operative assessment [27] . Pre-operative magnetic resonance imaging or computed tomography (CT) assessed chondrolabral pathology and osseous morphology. All measurements were by made by the senior author with a picture archiving communication system. The analysis was performed post-operatively, so that all patients from this time period had a minimum of 2-year outcomes. Pre-operative X-rays taken at the visit prior to surgery were used to evaluate CBT.
CBT analysis
The aforementioned Dorr classification was used to assess CBT from pre-operative radiographs [6, 28] . Proximal femur bony morphology was categorized into three types, with Type A having thick cortices and a narrow funnelshaped femoral canal, Type B having thinner medial and posterior cortices and irregular endosteal surfaces and Type C with the thinnest medial and posterior cortices and a cylindrical appearance (Fig. 1) . One trained observer made the CBT measurements under the supervision of an attending orthopedic surgeon and radiologist. Twenty subsequent measurements on random radiographs were performed in order to assess intra-rater reliability for these measurements. The intra-observer reliability for this aspect was calculated to be 0.90 (95% CI 0.84-0.93).
The cortical thickness index, or femoral cortical index (FCI), was measured on AP radiographs according to Dorr et al. [6, 28] . Cortical thickness was measured at a point 10 cm distal to the lesser trochanter (Fig. 2) . Cortical thickness index was calculated as the ratio of the femoral diaphysis width (DW) minus medullary canal width (FW) divided by femoral diaphysis width (Cortical Index ¼ [DW À FW]/DW). A high cortical index signifies greater thickness as well as greater bone density [6] . FCC ratio was also measured on an AP plain radiograph. The canal to calcar ratio (CC) was calculated as the fraction of the isthmus canal width (FW) divided by the calcar canal dimension (CW). A high FCC ratio indicates inferior BMD [6, 28] . The intra-observer reliability was calculated to be 0.92 (95% CI ¼ 0.87-0.94).
Statistical analysis
Descriptive statistics were calculated for continuous variables as means and standard deviations and percentages where appropriate. Pre-and post-operative outcomes scores, as well as CBT, were compared between cohorts using independent t-tests. Chi-squared analysis was used as appropriate to compare categorical variables between groups. Linear regression determined associations between CBT measures (Dorr classification type, FCC and FCI) and post-operative outcome scores. Logistic regression was used to determine whether CBT measures were predictive of achieving the MCID for the HOS-ADL, HOS-SS or mHHS. An a priori power analysis was performed to determine the minimum sample size required to overcome Type II error. Based on the study population of previous sports surgery studies analyzing the effect of age and gender on clinical outcome scores [2] , the minimum sample size per group for a two-tailed t-test study was 27. A P value of < 0.05 was used as the level of statistical significance. Data analysis was performed using SPSS statistical software (IBM SPSS Statistics for MacOS, Version 25.0. Armonk, NY: IBM).
RESULTS
Following application of inclusion and exclusion criteria, a total of 108 patients, with a mean follow-up time of 32.9 6 9.3 months. The whole patient study group had an average age of 40.9 þ 13.1 years, and a BMI of 26.1 6 4.4 kg/m 2 ( Table I) . Analysis of PROs demonstrated a statistically Fig. 1 . Examples of the Door classification used to assess CBT from pre-operative radiographs. Type A has thick cortices and a narrow funnel-shaped femoral canal, Type B has thinner medial and posterior cortices and irregular endosteal surfaces and Type C has the thinnest medial and posterior cortices and a cylindrical appearance. (Table II) . (Table III) . There was no linear association between FCI or Dorr classification type and any reported outcome score. Furthermore, VAS pain score did not have any statistically significant association between FCC, FCI or Dorr classification type.
Association between PROs and CBT
Adding age and gender to the linear regression models demonstrated a continued linear relationship between FCC and HOS-ADL (b: À0.166; P ¼ 0.048); however, there was no longer a statistically significant association with HOS-SS (b: À0.124; P ¼ 0.166) and mHHS (b: À0.164; P ¼ 0.08) (Table IV) .
Association between MCID and CBT indices
The logistic regression models demonstrated that FCC, FCI and Dorr Classification Type were not predictors MCID HOS-ADL, HOS-SS or mHHS (Table V) . However, age was a predictor of achieving both MCID HOS-ADL and HOS-SS in all the regression models.
Clinical outcome analysis by age and gender categories
The study group was separated into age and gender categories to determine whether a certain age and gender group had lower reported outcome scores and lower CBT measures. There was a statistically significant difference in comparison of each group, with females !45 consistently having the lowest HOS-ADL, HOS-SS and mHHS scores (Table VI) . Furthermore, the same group had the highest pain score (29.9 6 28.3; P < 0.001).
CBT indices analysis by age and gender categories ANOVA analysis of FCC and FCI by age and gender category demonstrated a statistically significant difference among the 4 groups, with females !45 having the highest FCC average (0.64 6 0.09; P ¼ 0.041) and lowest FCI average (0.49 6 0.07; P ¼ 0.011) ( Table VII) . The chisquare test for trend showed a linear by linear association between Dorr classification type and gender/age group.
DISCUSSION
The primary finding of this study is that there is a linear association between FCC ratio and PRO scores. However, the effect of the association between HOS-SS and FCC is modified by age and gender. Furthermore, there was no association between the other CBT measures (femoral calcar index and Dorr classification type) and PRO scores. Analysis of gender and age group demonstrated that females ! 45 years of age appear to have both the lowest reported outcomes and CBT measures when compared with their male and younger counterparts. With the rising prevalence of deteriorating CBT in this demographic, the purpose of this study was to determine the associations between age, sex, CBT and post-operative outcomes following hip arthroscopy after FAIS. These results suggest that the inferior outcomes observed in females ! 45-years old may be attributable to reduced CBT.
The results of this study are congruent with literature reporting that age and sex are associated with clinical outcomes following hip arthroscopy. Bryan et al. [29] reported that although all patients improved significantly from baseline in terms of HOS scores, younger patients had superior outcomes at 2-years when compared with older patients. Importantly, degenerative change in the hip is a significant confounding factor among older patients that must be considered. A study by Philippon et al. [30] suggests that joint space is a significant predictor of conversion to total hip arthroplasty after hip arthroscopy in patients 50 years and older. This was confirmed in a study by Chandrasekaran et al. [31] , who reported that hip arthroscopy has a limited role for patients with Tonnis Grade 2 osteoarthritis or higher.
Gender has also been demonstrated to influence the results of hip arthroscopy in patients with FAIS. Frank et al. [2] compared outcomes following hip arthroscopy for FAIS according to sex and age. In their study, female patients older than 45 years of age demonstrated the lowest post-operative outcome scores, while the females younger than 45 did as well as males in the same age group. The reason why females with FAIS over the age of 45 experience inferior outcomes when compared with their younger and male counterparts is unknown. From a musculoskeletal standpoint, an important risk factor in the older female population is declining BMD, which has been associated with the risk of fracture [32, 33] . In terms of post-operative outcomes after orthopedic sports medicine procedures, CBT (used a surrogate for BMD) has been extensively evaluated with regards to rotator cuff repair and has been implicated in anchor pullout and repair failure [34] . However, the effect of CBT on post-operative outcomes and failure in the realm of hip arthroscopy has not been well studied.
Although there is very limited literature evaluating preoperative BMD in patients undergoing hip arthroscopy for FAIS, one case report reported on changes in BMD following hip arthroscopy. Due to weight-bearing restrictions following surgery, a decrease in BMD is expected in the acute post-operative period. In the report, Mueller et al. [35] evaluated bone mass using DEXA scan and quantitative CT measurements of a female professional Ironman athlete before and after hip arthroscopy. As expected, the BMD of the proximal femur decreased post-operatively but returned to baseline after 4 months of rehabilitation. Therefore, patients with reduced CBT before undergoing hip arthroscopy, such as the ! 45 female cohort in this study, are likely at risk for further deterioration in CBT and potentially BMD following surgery. It is unclear to what degree their CBT may worsen, and what the clinical manifestations are, if any. Although further studies are certainly needed to more fully elucidate the interplay between age, sex, CBT and clinical outcomes, BMD and CBT are nevertheless a prevalent and potentially modifiable risk factors in certain patient populations that may warrant preoperative screening.
An important finding of this study was that while there was a linear association between CBT and outcomes, this association was not independent of gender and age. There Limitations This study is subject to several important limitations. The radiologic classifications as described by Dorr and used in subsequent studies is not a direct measure of BMD, but can be used as a surrogate for BMD as previously reported. Although it has been shown to have strong correlations with osteoporosis, the Dorr classification only provides insight on bone quality and density. Group sizes were relatively small, and may not be adequately powered to detect small differences in PROs and CBT between groups, particularly assessing differences in FCC and FCI. Additionally, plain radiographs were the only imaging modality used to assess CBT, and other techniques such as DEXA and CT scans may more fully capture a patient's overall metabolic bone status. Unfortunately, DEXA scans are usually not part of the standard of care in the patient population undergoing hip arthroscopy. CT scan, however, has increasingly become part of the standard pre-operative work-up, as it allows for improved characterization of the patient's bony anatomy in terms of FAIS and hip dysplasia. This may represent further research opportunities through using standard pre-operative CT scans to assess CBT with Hounsfield units.
CONCLUSION
Although hip arthroscopy is generally successful in patients with FAIS at relieving pain and restoring function, increasing age in combination with female sex has been associated with inferior post-operative outcomes. The results of this study also demonstrate that decreased FCC ratio is an independent predictor of worse post-operative outcomes following hip arthroscopy. Additional studies investigating the reason for worse outcomes in this population should consider other potential confounding variables with increasing age and female sex, such as joint degeneration, hormonal and metabolic changes and activity level.
